Background: Fatigue adversely impacts quality of life in old age. The relationship between subjective and objective measurements of fatigue, however, is poorly understood. We examined whether subjective fatigue moderated the expression of objective fatigue during locomotion. Associations between objective and subjective measures of fatigue were predicted to manifest only under dual-task conditions that maximized cognitive demands. Methods: Participants were 314 nondemented older adults (age = 76.8 ± 6.7 years; % female = 56). Functional near-infrared spectroscopy was used to assess oxygenated hemoglobin (HbO 2 ) levels during walking. A 4 × 14-foot Zeno electronic walkway was utilized to assess stride velocity (cm/s). Objective fatigue was operationalized as attenuation in HbO 2 levels and decline in stride velocity (cm/s) during six continuous straight walks under single-(normal-walk) and dual-task (walk-while-talk) conditions. The Brief Fatigue Inventory assessed subjective fatigue. Results: Worse subjective fatigue was associated with attenuated increase in HbO 2 levels (estimate = 0.175; p < .05) but not with decline in stride velocity (estimate = 0.394; p > .05) from normal-walk to walk-while-talk conditions. Objective fatigue did not manifest and was not associated with subjective fatigue during the course of normal-walk. Worse subjective fatigue was associated with attenuated HbO 2 levels in the fourth (estimate = −0.178; p < .05), fifth (estimate = −0.230; p < .01), and sixth (estimate = −0.231; p < .01) straight walks compared to the first during walk-while-talk. Conclusion: Dual-task walking paradigms provide a unique environment to simultaneously assess different facets of fatigue. The prefrontal cortex subserves both subjective and objective measurements of fatigue as defined in the context of attention-demanding locomotion.
Fatigue is common among older adults. While 27%-50% of community-dwelling older adults report moderate to severe levels of fatigue, the prevalence is even higher for those residing in long-term care settings (1) (2) (3) (4) . In aging, fatigue is associated with increased risk of functional decline, hospitalization, and mortality (4, 5) . Despite robust evidence for the epidemiological importance of fatigue in older adults (6) , its multidimensional presentation has posed significant challenges for proper risk assessment and intervention.
There is no universally accepted definition for fatigue but recent conceptual frameworks emphasize the distinction between subjective and objective assessments of fatigue (7) . To date, most clinical and research measurements of fatigue have relied upon self-reported perception of sensations such as exhaustion or weariness. In contrast, objective fatigue is performance based and determined by decline or attenuation on a quantifiable measure. Although subjective reports of fatigue can occur independently of changes in performance (8) , evidence for strong associations between self-reported fatigue and performance on a cognitive dual-task paradigm has been reported (9) . Clearly, further research incorporating both subjective and objective measurements of fatigue is necessary to develop a more comprehensive understanding of this complex phenomenon.
A theoretical model proposed that dysfunction of frontal-basal ganglia circuitry is implicated in the pathogenesis of fatigue (10) . This model further distinguished between peripheral and central fatigue with the latter conceptualized as a cognitive phenomenon. Specifically, cognitive fatigue was defined as a failure to sustain attention to optimize task performance during acute mental effort (though different experimental conditions may elicit cognitive fatigue). Objective cognitive fatigue is typically operationalized as a decline or attenuation on a quantifiable measure over the time course of a functional task. Consistent with the above definition, evidence suggests that measures of executive control are particularly sensitive to cognitive fatigue effects; among three attention networks, cognitive fatigue was observed in executive attention, but not alerting or orienting (11) .
Dual-tasking is a distinct component of executive functions requiring the individual to divide attention between competing task demands (12) . The walk-while-talk (WWT) paradigm has been studied extensively in older adults as an attention-demanding mobility stress test shown to predict disability and mortality (13) . WWT presents several advantages in the assessment of fatigue. First, functional neuroimaging studies of WWT suggest differential involvement of the prefrontal cortex, one of the purported brain substrates implicated in fatigue, in single-task condition compared to dual-task walking conditions (14) . Using functional near-infrared spectroscopy (fNIRS), we recently demonstrated robust, sustained increases in oxygenated hemoglobin (HbO 2 ) levels in the prefrontal cortex during WWT compared to normal-walk (NW) (15) . Second, by experimentally manipulating cognitive demands, WWT offers an optimal environment to assess interactions of subjective and objective aspects of fatigue thus addressing the inherently multifaceted nature of this construct, which has been largely absent in current literature. Third, the contrast between single-and dual-task performance is critical for the study of cognitive fatigue; whereas single-task performance can become automated over time, dual-tasking imposes high cognitive demands that require continuous effort. Hence, cognitive fatigue would be expected to manifest under dual-task conditions but not single-task conditions. This notion is especially relevant when using brain activation patterns during a functional task as a proxy for cognitive fatigue. The decline in oxygenation levels over the course of a single task may represent greater brain efficiency secondary to task habituation (14) and such a decline would not be expected to correlate with reports of fatigue. In contrast, attenuation in oxygenation levels during the course of an attention-demanding task can represent cognitive fatigue and may thus correlate with subjective fatigue.
The current study was designed to determine whether subjective fatigue was associated with objective fatigue measures, assessed during single-and attention-demanding dual-task walking conditions, in nondemented older adults. The Brief Fatigue Inventory (BFI), a self-report measure, was used to assess subjective fatigue (16) . The trajectories of stride velocity and HbO 2 , assessed during six continuous straight walks on an instrumented walkway, were used to operationalize objective fatigue. Whereas stride velocity can be automated under single-task conditions, the cognitive components of gait, notably under dual-task conditions, have been firmly established (17) . Task-related oxygenation levels are commonly used as proxies for mental operations and as such HbO 2 trajectories may represent an operational definition of cognitive fatigue that is more proximal to its underlying brain circuitry. Therefore, we hypothesized that evidence for objective fatigue, by means of the above trajectories, would be observed only under conditions that maximize cognitive demands. Specifically, we evaluated the following two predictions: (i) objective fatigue would manifest under WWT but not under NW conditions and (ii) subjective fatigue would moderate HbO 2 and stride velocity trajectories under WWT but not under NW conditions.
Methods

Participants
Participants were community-residing older adults (age ≥65 years) enrolled in "Central Control of Mobility in Aging" (CCMA), a cohort study designed to determine cognitive and brain predictors of mobility. CCMA procedures were described in previous publications (17) . In brief, potential participants were identified from population lists of lower Westchester County, NY. Structured telephone interviews were administered to obtain verbal assent and determine initial eligibility including screens for dementia and assessments of medical history and current physical function. Individuals who passed the telephone interview were invited to two annual in-person study visits during which trained research assistants administered comprehensive neuropsychological, cognitive, psychological, and mobility assessments. Dementia diagnoses were assigned at consensus diagnostic case conferences (18) . Exclusion criteria were: current or history of severe neurological or psychiatric disorders, inability to ambulate independently, significant loss of vision and/or hearing, and recent or anticipated medical procedures that may affect ambulation. Written informed consents were obtained in-person and approved by the IRB.
Measures
Brief Fatigue Inventory
The BFI is a 9-item, 11-point rating scale developed to assess subjective reports of fatigue over a 24-hour period preceding the testing (16) . Higher scores are indicative of worse fatigue. The BFI and walking paradigm were administered on the same day. The reliability and validity of the BFI in older adults have been established (19) .
Walking paradigm
Our validated dual-task walking paradigm (13) was used to operationalize objective performance-based fatigue. The paradigm consists of two single-task conditions (NW; Cognitive -Alpha) and one dualtask condition. In the NW condition, participants were asked to walk around the electronic walkway at their "normal pace" for three consecutive loops. In the Alpha condition, participants were required to stand still while reciting alternate letters of the alphabet out aloud, starting with the letter B, for 30 seconds. In the WWT condition, participants were instructed to walk around the walkway for three consecutive loops at their normal pace while reciting alternate letters of the alphabet starting with the letter "B." Participants were instructed to pay equal attention to both tasks to minimize task prioritization effects (17, 20) . The three test conditions were presented in a counterbalanced order using a Latin-square design to minimize task order effects on the outcome measures. None of the participants required assistive devices during the experimental walking conditions.
Quantitative gait assessment
Zenometrics. A 4 × 14-foot Zeno electronic walkway was utilized to assess quantitative measures of gait during NW and WWT (Zenometrics, LLC, Peekskill, NY). The quantitative gait measure used in the current study, stride velocity (cm/s), was measured based on the location and mathematical parameters between footfalls on the instrumented walkway. Split-half intraclass correlations for stride velocity (cm/s) in NW and WWT were greater than 0.95 revealing excellent internal consistency. fNIRS system. fNIRS measures changes in cortical HbO 2 levels using light-tissue interaction properties of light within the nearinfrared range. Changes in hemodynamic activity in the prefrontal cortex were assessed using fNIRS Imager 1000 (fNIRS Devices, LLC, Potomac, MD). The system collects data at a sampling rate of 2 Hz. The fNIRS sensor consists of 4 LED light sources and 10 photodetectors, which cover the forehead using 16 voxels, with a source-detector separation of 2.5 cm. The light sources on the sensor (Epitex Inc. type L4X730/4X805/4X850-40Q96-I) contain three built-in LEDs having peak wavelengths at 730, 805, and 850 nm, with an overall outer diameter of 9.2 ± 0.2 mm. The photodetectors (Bur Brown, type OPT101) are monolithic photodiodes with a single-supply transimpedance amplifier. We implemented a standard sensor placement procedure. Details and visual depiction of the fNIRS device and procedures have been previously described (15) .
Preprocessing and hemodynamic signal extraction. Raw data were inspected to identify and remove raw intensity measurements (ie, voltage values obtained from the photodetectors) at 730 and 850 nm that reached saturation or dark current conditions. To eliminate possible respiration, heart rate signals, and unwanted high-frequency noise, raw intensity measurements at 730 and 850 nm were low-pass filtered with a finite impulse response filter with a cutoff frequency of 0.14 Hz (21) . Saturation or dark current conditions were excluded. Using modified Beer-Lambert law (21), HbO 2 levels, which are more reliable and sensitive to locomotion-related changes in cerebral oxygenation (22) , were calculated for the current study. Separate 10-second baselines were used to determine relative changes in HbO 2 concentrations during each experimental condition (15) .
Epoch and feature extraction. Based on the 16 fNIRS channels, mean HbO 2 data, per participant, were extracted separately for NW and WWT overall and stratified by the six consecutive straight walks. A second-level postprocessing time synchronization method was implemented using the first recorded foot contact with the walkway as a time stamp. The recording of fNIRS was algorithmically terminated at the end of the sixth and final straight walk. HbO 2 data in NW and WWT within this range were extracted and used for comparisons between task conditions and between the six straight walks within NW and WWT. Oxygenated hemoglobin levels per task condition and straight walking segment (1-6) were expressed in micromolar units (µM). Internal consistency of HbO 2 measurements, determined by split-half intraclass correlations, was excellent for NW (0.830), Alpha (0.864), and WWT (0.849) (15) .
Objective fatigue
Using ProtoKinetics Movement Analysis Software (PKMAS) technology, a validated computer algorithm determined entry and exit points from turns during the three consecutive loops that each participant was required to walk under single-and then dual-task conditions (23) . This procedure yielded six consecutive straight walks that served as the time course based upon which objective fatigue trajectories in gait velocity were operationalized for NW and WWT for each participant. Mean straight walks length in feet for NW (8.76 ± 0.88) and WWT (8.82 ± 1.4) were very similar. As expected, average walk time, in seconds, was shorter in NW (38.73 ± 14.23) compared to WWT (48.08 ± 18.56). Attenuation in HbO 2 levels during the time course of WWT operationalized objective cognitive fatigue. HbO 2 levels show an initial increase with a subsequent decline due to habituation during NW (15) .
Covariates. The Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) was used to assess overall level of cognitive function (24) . A comorbidity summary score (range 0-10) including the presence of diabetes, chronic heart failure, arthritis, hypertension, depression, stroke, Parkinson' s disease, chronic obstructive lung disease, angina, and myocardial infarction was used to characterize disease burden (18) .
Statistical Analysis
Linear mixed-effects and generalized estimating equations Poisson models were used to assess the moderating effect of perceived fatigue on the change in stride velocity and rate of letter generation in dual compared to single-task conditions, respectively. A separate linear mixed-effect model was used to assess the moderating effect of perceived fatigue on HbO 2 levels in WWT compared to NW and Alpha. Separate linear mixed-effects models were run to examine trajectories of stride velocity and HbO 2 levels and whether perceived fatigue moderated their expression during NW and WWT. Specifically, the six straight walks within each task served as the within-person repeated measure. HbO 2 levels and stride velocity in each straight walk served as the dependent measures. Moderation effects on the course of gait velocity and HbO 2 levels were determined by interactions of perceived fatigue and the change in the dependent measures in the first straight walk compared to the subsequent five walks. Analyses controlled for gender, age, education, disease comorbidity, and total RBANS index score. Statistical analyses were performed using SAS 9.3 (SAS Institute, Cary, NC).
Results
A total of 314 nondemented participants (mean age in years = 76.8 ± 6.7; mean education in years = 14.42 ± 3.00; % female = 56) were included. The mean RBANS total score (91.38 ± 11.74) was indicative of average cognitive function. Mean BFI score was 1.5 ± 1.5, indicating relatively low subjective fatigue levels ( Table 1) .
For visual depiction and interpretation of the data, subjective fatigue was dichotomized based on median split. Analyses using subjective fatigue as a continuous variable were not materially different.
Dual-Task Effects on Behavioral Outcomes and HbO 2 Levels
Mean stride velocity (cm/s) in WWT compared to NW was significantly reduced (estimate = −14.912; p < .001; 95% CI = −16.655 to −13.170), demonstrating the expected dual-task effect. The main effect (estimate = −2.724; p = .122; 95% CI = −6.183 to 0.735) and interaction (estimate = −0.394; p = .754; 95% CI = −2.084 to 2.873) of subjective fatigue × task were not significant. High levels of subjective fatigue were, however, associated with slower stride velocity (cm/s) irrespective of walking task condition (estimate = −3.709; p = .032; 95% CI = −7.108 to −0.311). The rate of correct letter generation per minute was not significantly reduced in WWT compared to Alpha (estimate of log of rate ratio = −0.025; p = .476; 95% CI = −0.094 to 0.044). The error rate per minute, however, was significantly increased in WWT compared to Alpha (estimate of log of rate ratio = 0.550; p < .001; 95% CI = 0.372 to 0.728). The main effects and interactions of perceived fatigue status with task were not significant for the rate of correct letters or errors (data not shown).
HbO 2 levels were significantly increased in WWT compared to NW (estimate = −0.637; p < .001; 95% CI = −0.754 to −0.519) but not compared to Alpha (estimate = −0.071; p = .285; 95% CI = −0.203 to 0.059). Worse subjective fatigue attenuated the increase in HbO 2 levels from NW to WWT (interaction of task × subjective fatigue estimate = 0.175; p < .034; 95% CI = 0.012 to 0.337) but not from alpha to WWT (interaction of task × subjective fatigue estimate = 0.052; p = .582; 95% CI = −0.134 to 0.238).
Subjective Fatigue and HbO 2 Trajectories
Subjective fatigue did not moderate changes in HbO 2 levels during the course of NW (Table 2, (A); Figure 1a) . Worse subjective fatigue, however, attenuated the change in HbO 2 levels during WWT (Table 2, (B); Figure 1b) . Note: NW = normal-walk; WWT = walk-while-talk. Note: BFI = Brief Fatigue Inventory; NW = normal-walk; RBANS = Repeatable Battery for the Assessment of Neuropsychological Status; WWT = walk-while-talk.
Subjective Fatigue and Stride Velocity (cm/s) Trajectories
Stride velocity (cm/s) declined during WWT but not during NW, and in both conditions, the moderation effects of subjective fatigue were not significant (Table 3 ; Figure 2 ).
Discussion
Fatigue is a multifaceted construct and relations between its multiple components are poorly understood. Using a dual-task paradigm, we have found that worse subjective fatigue was associated with attenuation in both the increase of HbO 2 levels from NW to WWT and the trajectory of HbO 2 during the course of WWT. The trajectory of HbO 2 during NW, however, was not associated with subjective fatigue. Confirming our prediction, a meaningful relationship between subjective reports of fatigue and objective cognitive fatigue was observed only under walking conditions that maximized executive demands. This finding is consistent with existing models implicating frontal-basal ganglia circuits in fatigue (10) and further illustrates the advantages of utilizing the dual-task environment to evaluate performance-based cognitive fatigue and it's relation to subjective fatigue. Specifically, dual-tasks impose additional demands on the attention system (17, 25) and require differential involvement of the prefrontal cortex relative to the single tasks (15, 26) . The individual's performance on the dual-task can be directly compared to the single task where objective fatigue is not expected to manifest. Moreover, our previous work revealed that oxygenation levels declined after initial elevation only during NW due to habituation (15) . Hence, task context and demands play a critical role in the interpretation of the findings, in this case distinguishing performancebased cognitive fatigue, as defined by HbO 2 levels, from habituation. Stride velocity (cm/s) declined over time but only under the dualtask condition that maximized executive demands. We suggest that this decline is consistent with an operational definition of objective cognitive fatigue. While decline in gait speed can be used to define physical or peripheral fatigue (10), it is noteworthy that under the current experimental conditions such a decline was not observed during single-task walking. NW and WWT were counterbalanced precluding the possibility that practice or test order effects accounted for this finding. Stride velocity (cm/s) is a robust and reliable measure and thus optimal for repeated assessments necessary to establish the presence of objective fatigue. Separating the objective physical and cognitive fatigue components that are inherent in stride velocity is a challenge despite the compelling comparison between the single-and dual-task walking conditions. Assessing concurrently physical aspects of fatigue that are less likely to be influenced by cognition maybe advantageous. The decline in stride velocity during WWT was not related to subjective fatigue. While speculative, it could be argued that compared to gait speed, the change in task-related HbO 2 levels constitutes a more proximal measure of brain function and may thus be more sensitive to fatigue. Future studies, however, should examine whether other quantitative measures of gait have differential sensitivity to fatigue effects.
Limitations and Future Directions
Subjective fatigue did not moderate the change in the rate of correct letters or errors from single-to dual-task conditions. We did not, however, assess performance on Alpha as a function of time, which precluded a determination of whether or not objective fatigue on this measure could be established and related to subjective fatigue.
The sample in the current study consisted of relatively healthy and independent older adults whose subjective fatigue was relatively low (stratification into fatigue groups was done based on sample distribution). The generalizability of these findings to patient populations, especially those with neurological diseases with a high prevalence and severity of fatigue symptoms, remains to be evaluated. Whether or not activity-related subjective fatigue is differentially related to objective fatigue should be explored in future research. While our participants were community-dwelling, ambulatory, and dementia free, our study design did not include imaging in all participants that would enable further insights into underlying brain substrates and will be examined in future studies. Fatigue is a multifaceted construct and consensus regarding the terminology of its various components is clearly absent. Under these circumstances, we deliberately elected to parsimoniously operationalize perception (subjective report) and objective (performance-based) measurements of fatigue in the context of the reported work. We note, however, that performance-based fatigue, as defined herein, is also consistent with the term performance fatigability.
Conclusion
Subjective fatigue influenced locomotion-related brain activation patterns implicated in cognitive fatigue. The utility of these findings for risk assessment and treatment of individuals at risk of mobility impairments should be further evaluated. Whether improving subjective or objective fatigue may improve locomotion in healthy and impaired older adults requires additional investigation.
